Stress dynamics, stress wave and thermal stress, after photoexcitation inside glass a by tightly focused ultrashort laser pulse were investigated by a pump-probe polarization microscope and Transient Lens (TrL) method. The observation by the pump-probe polarization microscope revealed transient birefringence distributions of a laser-induced stress wave and thermal stress. The directions of compressive stress by a stress wave and thermal stress were radial from the photoexcitation, and the amplitudes of the stress estimated from the retardance of the birefringence were as high as several hundreds MPa. The observation by the TrL measurement showed the propagation of a laser induced stress wave as an oscillating TrL signals. From the pulse duration dependence of the oscillation amplitudes of the TrL signals, we found that the threshold and sensitivity to pulse energy of the stress wave become higher at longer pulse duration. We interpreted the pulse duration dependence in terms of different ionization mechanism; multiphoton ionization should be dominant for shorter pulse durations, while avalanche ionization should be dominant for longer pulse duration.
Introduction
Ultrashort pulse (USP) laser is an indispensable tool for fabricating various microscale three dimensional structures, such as optical waveguides and microchannels, inside transparent materials [1] [2] [3] [4] . In USP laser processing, localized modifications can be induced by inducing photoexcitation only in the laser focal region with a tightly focused laser pulse. The photoexcitated region should have experienced large stress, such as the generation of a strong stress wave, because the laser-matter interaction time is much shorter than the elastic relaxation time [5] [6] [7] [8] [9] [10] [11] [12] [13] . Strong stress waves influence on structural changes in and around the photoexcited region, for example, densification [1] , crack generation [6] and dislocations [14] . In addition, the temperature in the photoexcited region should have been high enough to generate large thermal stress even after the laser induced stress wave propagated away. Because the thermal diffusion time is as long as several hundreds of nanoseconds, thermal stress can influence on the photoexcited region in a much longer time than a stress wave [5, 13, 15] . Therefore, stress dynamics around the photoexcited region from picoseconds to microseconds time range is important for elucidating the mechanism of material modification by irradiation with a focused USP laser pulse.
The authors have investigated the stress and thermal dynamics in the time range from picoseconds to microseconds using two kinds of pump-probe techniques; one is a pump-probe polarization microscope [6] , and the other is Transient Lens (TrL) method [7] [8] [9] . A pump-probe polarization microscope observes the photoelastic effect after photoexcitation. Because this method can measure the birefringence distribution originated from stress in transparent materials, the stress amplitude can be estimated from the measurement. On the other hand, a TrL method observes diffraction patterns of the probe light originated from the spatial modulation of the refractive index inside a material after photoexcitation. Because this method is sensitive to small refractive index change by a small stress wave, the pulse energy and pulse duration dependences of a stress wave can be investigated in detail. By combination of these two methods, we can reveal various aspects of the physics in USP laser processing.
In this paper, we reviewed our studies on stress dynamics in USP laser processing by two time-resolved observation techniques. These observations will provide us with insight on the mechanism of laser-induced modification in solid materials as well as the advantage of USP lasers in precise material processing. First, we showed the observation of laser-induced pressure wave and thermal diffusion inside glass by a pump-probe transmission microscope and polarization microscope. Based on the observed stress dynamics, we estimated the stress amplitude at a stress wave. Next, we showed that a stress wave can be observed under lower excitation energy by a TrL method. Based on the measurement of the relative amplitudes of a stress wave by a TrL method, we discussed the influence of pulse duration on photoexcitation and the advantages of using femtosecond laser over picosecond laser in precise laser processing.
Experiments

Laser sources and samples
The source of the pump pulses was mode-locked Tisapphire laser with a regenerative amplifier (Mira-Legend; Coherent Inc.). The central wavelength of the laser pulse DOI: 10.2961/jlmn.2017.02.0019 was 800 nm, the pulse duration was tunable from 100 fs to 2 ps, and the repetition rate of the output pulses was 30 Hz. The fundamental pulse (λ=800 nm) was used for a pump pulse. For detection of the dynamics after a single photoexcitation, a single pulse was extract using a mechanical shutter. The pulse energy was controlled by a neutral density filter.
Different probe pulses were used for shorter (<20 ns) and longer (>20 ns) time ranges. For the shorter time range, the probe pulse was the second harmonics (λ=400 nm), which was obtained by passing the fundamental pulse through a BBO crystal. For the longer time range (after 20 ns) in a pump-probe polarization microscope, the probe pulse was a laser pulse of 1 µs pulse width which was generated from a laser diode (λ=405 nm) and the probe light was detected by a CMOS camera with an imaging intensifier (Andor Technology; iStar sCMOS). The time resolution in the longer time range was determined by the gate time of the imaging intensifier. The times of the probe pulse and the camera in the longer time were controlled by a trigger pulse through a digital delay generator (Stanford Research Systems; DG535) from the trigger pulse of the USP laser source.
The sample was a sodalime glass plate (SCHOTT; B-270 Superwite) and silica glass plate (ShinEtsu QUARTS; VIOSIL-SQ). Typically, the size of the glass plates was 75 mm in width, 25 mm in height and 1.0 mm in thickness. Pump pulses were incident normal to the largest surface of the glass plate. In pump-probe microscope measurements, the glass plate was translated normal to the laser propagation direction 0.2 seconds after a single pump-probe measurement. This is necessary for the observation of the dynamics in the region where there was no influence by the previous laser-induced modification. On the other hand, in TrL measurements, the glass plate was translated at about 10 mm/s continuously during the measurement to avoid multiple photoexcitation at the same region. The translation velocity is short enough not to affect the observation of the dynamics in several nanoseconds, because the movement of the sample at 10 mm/s in 10 ns is as short as 0.1 nm. Figure 1 shows an optical setup for pump-probe microscope. A pump pulse with a diameter of about 5 mm was focused inside a glass plate with a 50× objective lens (f=4 mm, NA=0.8) to induce photoexcitation at the focus. The position of the focus was about 0.1 mm from the glass surface. At the same time, an optically delayed probe pulse with a diameter of about 4 mm was transmitted through the photoexcited region from the opposite direction of the pump pulse. The transmitted probe pulse was expanded by the same objective lens, and the image of the photoexcited region was focused on an imaging sensor. After a single pump-probe measurement, the glass plate was translated normal to the laser propagation direction for the next pump-probe to measure the dynamics in the region where there was no influence by the previous laser-induced modification.
Pump-probe transmission and polarization microscope
For transmission imaging, the intensity profile of the probe pulse was detected without the polarizer before the imaging sensor. For polarization imaging, the intensity profile was measured with the polarizer, and several intensity profiles were measured with a waveplate of different orientations (χ). Figure 1 (b) shows different transmission images measured at different orientations of the waveplates. By analysis of the different transmission images as a function of χ, the distribution of birefringence in the sample was obtained. The analysis for obtaining the birefringence is described in our previous paper in detail [6] .
Transient Lens (TrL) method
Figure 2(a) shows a simplified picture of a TrL measurement for laser bulk processing inside a glass. A pump pulse with a diameter of about 5 mm was focused inside a glass with a 50× objective lens (f=10 mm, NA=0.45) to induce nonlinear ionization only in the focal region. The focal position was about 0.2 mm from the glass surface. At the same time, an optically delayed probe pulse with a di- ameter of about 4 mm was passed along the same path as the pump pulse and transmitted through the photoexcited region. The focus of the probe pulse was about 0.06 mm apart from that of the pump pulse so that the diffraction pattern appears clearly at the far field. The diffraction pattern was imaged on an imaging sensor as a TrL image. The diffraction pattern is shown in Fig. 2 (b) . The circularly symmetric diffraction pattern was due to the generation of cylindrically-shaped stress wave from the photoexcited region. In a similar way to the conventional TrL methods, the intensities at the central region of the diffraction patterns were measured as a function of the time delays as a "TrL signal". The intensities of a TrL signal were normalized by the signal intensity before the photoexcitation. Figure 2 (c) shows a TrL signal after fs laser irradiation inside a sodalime glass. As described in our previous study [7] , the oscillating TrL signal can be observed when a stress wave was generated inside a glass. Because a stronger stress wave generates a TrL signal of larger oscillation, the amplitude of a stress wave can be estimated from the amplitude of the TrL oscillation [7] [8] [9] . In this study, the oscillation amplitude was measured as the difference between the signal intensity at the first positive peak and that at the second negative peak.
Another interesting point in the TrL signal in Fig. 2 (c) is the quasi-static signal intensity after the decay of the oscillation. The quasi-static signal intensity reflects the refractive index distribution after a laser-induced stress wave propagated away from the observed region. The refractive index distribution should be attributed to temperature and density distributions. In the measurement condition in this study (the probe beam was focused prior to the probe pulse), a concave lens-shaped refractive index distribution (refractive index decrease in the photoexcited region) results in higher quasi-static signal intensity. However, it is difficult to estimate the complicated refractive index distribution, for example, combination of multiple concave and convex lens, only from the signal intensity. Therefore, we will not discuss the quasi-static signal intensity in this study. The quasi-static TrL signal has been reported in our previous paper [7] .
Results
Stress wave generation inside glass
Figure 3 (a) shows the transient transmission microscope images at different time delays after focusing 100 fs laser pulses of 2 µJ inside a sodalime glass. The photoexcited region in the central region of the image became dark after the photoexcitation, and a circular wave propagated away from the photoexcited region. Because the velocity of the circular wave is comparable to the sound velocity in the glass (~6 µm/ns) [8, 10] , this wave should be attributed to a laser-induced stress wave.
The birefringence distributions measured at the same time delays are shown in Figs. 3 (b) and 3 (c) . In Fig. 3 (c) , the slow axis of the birefringence was expressed by colors; for example red color means 0ᴼ and yellow color means about 160ᴼ. The birefringence distributions around the photoexcited region and at the stress wave were observed much more clearly than the transmission images. The slow axis of the birefringence was radial from the photoexcited region both around the photoexcited region and in the stress wave. The distribution of the slow axis suggests that the compressive stress was generated from the photoexcited region to the radial direction by the expansion in the photoexcited region, such as thermal expansion.
Because the observed birefringence should have been the result of photoelastic effect that is induced by strain and stress in a material, transient stress can be estimated using the relation between stress (σ) and induced retardance (δ) [16] :
where n is the refractive index, l is the light propagation length in the stressed region, Cλ is the stress-optical coefficient and λ is the wavelength of the probe light. The peak stress amplitude in the stress wave was estimated using Eq.
(1), the reported values of a sodalime glass, n=1.5 and Cλ=2.83 TPa -1 [16] and λ=0.4 µm. Figure 4(a) shows the radial distribution of the observed retardance at 2ns after the photoexcitation. The retardance at the peak in the stress wave (r=12 µm) was δ=0.3. For the estimation of the stress, we assumed the length of the stressed region, l, was comparable to the length of the modification in the laser propagation direction, which was measured from the optical microscope, l=20 µm. As the result, the stress in the stress wave at the peak was calculated to be σ=225 MPa. In a similar manner, the peak stress in the stress wave were calculated for all the time delays and plotted against the time delay (Fig. 4(b) ). The decay of the stress followed the inverse of the distance (1/r) after 1.5 ns approximately (the blue line in Fig. 4 (a) ). The decay indicates that the photoexcited region was not a point-like but a line-shaped, because the stress wave from a point-like follows 1/r 1.5 , which decays much faster. However, the stress in 1 ns deviated from the 1/r curve. This deviation could be attributed to that the stress growth [10] had occurred in 1 ns in this laser irradiation condition.
Thermal stress and diffusion observed by a polarization microscope
Birefringence around the photoexcited region was still observed even in a longer time range after the stress wave propagated away from the observed region,. Figure 5 (a) shows the temporal change of the distributions of birefringence. The ring-shaped birefringence distribution around the photoexcited region decayed in several microseconds. The birefringence should be attributed to the thermal stress due to thermal expansion in the photoexcited region, because the decay time can be explained by the thermal diffusion inside the glass [9] . The thermal diffusion time τth can be estimated roughly by [17] where d is the diameter of the initially heated region (i.e, photoexcited region) and Dth is the diffusion coefficient of the glass. Using Dth=0.45 µm 2 ·µs of sodalime glass [18] and d=2 µm, the roughly estimated diameter of the photoexcited region, the thermal diffusion time is calculated as τth=2.2 µs. Figure 5 (b) shows the maximum birefringence measured against the delay time. The decay time was about 2 µs, which is consistent to the thermal diffusion time estimated by Eq. (2).
The ring-shaped birefringence distribution suggests that thermal expansion had occurred in the photoexcited region and the thermal stress had compressed the surrounding solid region. In the similar manner as the previous section, the thermal stress was estimated by the observed birefringence and Eq. (1). Using the same values as the calculation in the previous section (n=1.5 and Cλ=2.83 TPa -1 , λ=0.4 µm and l=20 µm) and δ=0.58 obtained from the birefringence distribution at 100 ns, the thermal stress, σth, at 100 ns was estimated as σth=435 MPa. The relation between the thermal stress and temperature change (∆T) is expressed by
where E ,ν and β are the Young modulus, Poisson ratio, and thermal expansion coefficient of sodalime glass, respectively. Using the estimated stress σth=435 MPa, E=72 GPa, ν=0.22 and β~9×10 -6 K -1 of sodalime glass [19] , the temperature change can be calculated by Eq. (3) as ∆T=1100 K. This temperature change is underestimated, because the estimated point is several µm apart from the center. Notwithstanding the underestimation, the calculated temperature change suggests that the glass in the photoexcited region had been heated much above the softening temperature (~720 ᴼC) in several hundreds of nanoseconds.
Amplitude of a stress wave by a TrL method
In the section 3.1, the stress wave propagation inside a sodalime glass after focusing a 100 fs laser pulse were shown as transmission images and birefringence distribution. Although a pump-probe polarization microscope can visualize the shape of the stress wave clearly, the method cannot detect much weaker stress wave which is generated by much smaller laser energy. On the other hand, a TrL method can detect a small stress wave, because a propagating stress wave generates a clear oscillating TrL signal as shown in Fig. 2(c) . The mechanism of oscillating signal by a propagating wave has been explained in our previous paper in detail [6] . In this study, we investigated the pulse energy dependence of a stress wave by the measurement of oscillating TrL signals and compared the thresholds and sensitivity of stress wave generation by different pulse durations. Fig. 6 . TrL signals after photoexcitation by focused laser pulses of different pulse durations. The pulse energy was (a) 0.14 µJ and (b) 0.25 µJ. The decrease of the signal intensity at 0 ps was caused by a refractive index change due to an optical Kerr effect. Figure 6 shows the TrL signals after photoexcitation inside a silica glass by focused laser pulses of different pulse durations and different pulse energies. When the pulse energy was 0.14 µJ (Fig. 6 (a) ), the oscillation of the TrL signal was clearly observed by a 100 fs laser pulse, while not by a 1.5 ps laser pulse. This difference suggests that the threshold of stress wave generation is lower at shorter pulse duration. On the other hand, when the pulse energy was 0.25 µJ (Fig. 6 (b) ), the oscillation amplitude by a 1.5 ps laser pulse became larger than that by a 100 fs laser pulse. In the other words, the oscillation amplitude by a 1.5 ps increased more steeply with increasing pulse energy.
The oscillation amplitudes measured at different pulse durations were plotted against the pulse energies in Fig.  7(a) . Clearly, the oscillation appeared at a lower pulse energy at shorter pulse duration. On the other hand, the variation of the oscillation amplitude to pulse energy change is more steep at longer pulse duration. Figure 7 (b) and 7 (c) show the threshold of stress wave generation and the sensitivity to pulse energy change (the variation of the amplitude to pulse energy) as a function of the pulse duration, respectively. In these plot, the negative values of the pulse duration mean the sign of the chirp of the laser pulse. The variation of TrL signal to pulse energy change depended on the pulse duration, but the difference by the sign of the chirp was negligible. The negligible difference by the sign of the chirp suggests that the band width of the pump pulse (~8 nm) was so small that the sign of the chirp could not affect the photoexcitation process inside a silica glass. The plot in Fig. 7 (b) shows that the threshold becomes higher with increasing pulse duration, and the plot in Fig. 7 (c) shows that a stress wave becomes stronger more steeply with increasing pulse energy at longer pulse duration.
Because the origin of a laser-induced stress wave is the stress in the photoexcited region [5, [8] [9] [10] 12] , the pulse duration dependence of the stress wave suggests that the thermal energy by excited electrons should depend on the pulse duration. Therefore, we interpreted the pulse duration dependence of Fig. 7 according to the dynamics of photoexcited electrons. The simple rate equation of free electrons in the excited state in a laser field can be expressed by [5, 20, 21] 
where ρ is the free electron density in the excited state, (dρ/dt)mp is the multiphoton absorption rate, (ηavalρ) is the avalanche (or cascade) ionization rate, (-gρ) is the diffusion of free electrons from the photoexcited region, and (-ηrecρ 2 ) is the electron-hole recombination.
When k-photons are necessary for excitation of electrons in the material, the multiphoton ionization rate is roughly proportional to the kth power of the laser light intensity (I) [20, 22] , i.e. (dρ/dt)mp∝I k . Therefore, at the same pulse energy, the multiphoton absorption occurs more efficiently by a shorter pulse duration, because a shorter laser pulse has larger intensity. On the other hand, the avalanche ionization becomes dominant as the light-electron interaction time becomes longer [20, 23] . The avalanche ionization induce exponential growth of free electrons, which is expressed by ρ(t)=ρ0exp(ηavalt), the solution of Eq. (4) with the other contributions neglected [24, 25] .
The avalanche ionization accounts for the sensitivity to pulse energy change (Fig. 7(c) ), because exponential growth of free electrons by avalanche ionization generates more thermal energy at a longer pulse duration. However, the avalanche ionization needs the seed electrons, ρ0, which must be generated by multiphoton ionization. This means that a stress wave cannot be generated when the multiphoton ionization is too small to generate numbers of seed electrons enough to induce avalanche ionization. Considering that the multiphoton ionization rate, (dρ/dt)mp, is proportional to the k-th power of laser intensity [20, 22] , a shorter laser pulse can generate enough numbers of seed electrons at lower pulse energy. Therefore, the lower threshold of a stress wave at shorter pulse duration should be attributed to the initial excitation of electrons by multiple ionization.
Finally, we give some suggestions for the choice of laser from the pulse duration dependence of a stress wave found by the TrL measurement. The first suggestion is for the application of ultrashort pulsed laser to stress wave generation; if we need to generate stronger stress waves, we should use picosecond lasers. This suggestion comes from the observation of a stronger stress wave by a 1.5 ps laser pulse of 0.3 µJ in Fig. 7 (a) , of which amplitude was about three times larger than that by a 100 fs pulse. The second suggestion is for the application of ultrashort pulsed laser to precise laser processing; if we need to control laserinduced modifications precisely, we should use femtosecond laser. This suggestion comes from the lower sensitivity of the amplitude of a stress wave to pulse energy variation at shorter pulse duration (Fig. 7 (c) ). Owing to the lower sensitivity, modifications by shorter laser pulses would not be influenced by the fluctuation of pulse energies, which could come from dusts on the sample surface and defects in the sample. The robustness to the fluctuation of pulse energies enables precise control of laser-induced modification. 
Summary and Conclusion
The observations of laser-induced stress waves by pump-probe polarization microscope and TrL method are reviewed. The observation by the pump-probe microscope visualized the generation, propagation and decay of a laser induced stress wave. The stress amplitude was estimated by the observed birefringence at the stress wave. The observation by the TrL method elucidated the pulse duration dependence of the laser induced stress wave. Both the threshold of the stress wave generation and the sensitivity of the amplitude to pulse energy variation were higher at longer pulse duration. The pulse duration dependences were interpreted by photoexcitation process of electrons in glass; for shorter pulse duration, multiphoton ionization is dominant, while for longer pulse duration, avalanche ionization becomes dominant. Finally, we gave two suggestions for laser application based on the pulse duration dependence; a longer pulsed laser is preferable for generation of stronger stress waves, while a shorter pulsed laser is preferable for precise laser processing.
